Spin-Orbit Coupling in Iridium-Based 5d Compounds Probed by X-ray Absorption 

Spectroscopy 
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We have performed x-ray absorption spectroscopy (XAS) measurements on a series of Ir-based 
5d transition metal compounds, including Ir, IrCb, Ir02, Na2lr03, S^IrCU, and Y2IX2O7. By 
comparing the intensity of the "white-line" features observed at the Ir L2 and L3 absorption edges, 
it is possible to extract valuable information about the strength of the spin-orbit coupling in these 
systems. We observe remarkably large, non-statistical branching ratios in all Ir compounds studied, 
with little or no dependence on chemical composition, crystal structure, or electronic state. This 
result confirms the presence of strong spin-orbit coupling effects in novel iridates such as Sr2lr04, 
Na2lrC>3, and Y2lr2C>7, and suggests that even simple Ir-based compounds such as Ir02 and IrCi3 
may warrant further study. In contrast, XAS measurements on Re-based 5d compounds, such as Re, 
Re02, ReC>3, and Ba2FeRe06, reveal statistical branching ratios and negligible spin-orbit coupling 
effects. 

PACS numbers: 71.70.Ej, 78.70.Dm, 71.20.-b, 75.50.-y 



I. INTRODUCTION 

In recent years there has been growing interest in 
the physics of materials based on 5d transition metal 
elements^ — . Due to the broad, spatially extended na- 
ture of 5d electronic wavefunctions, these materials tend 
to exhibit wide electronic bands, with relatively weak 
electronic correlations (U ~ 0.5 - 3 eV) and strong crys- 
tal field effects (CF ~ 1 - 5 eV). Furthermore, because 
of the large atomic mass associated with 5d elements, 
these materials also tend to exhibit strong relativistic 
spin-orbit coupling effects (SO ~ 0.1 - 1 eV). The close 
correspondence of these three energy scales (U s» CF 
~ SO) presents an extremely promising opportunity for 
the study of novel physics arising from competing spin, 
orbital, charge, and lattice degrees of freedom. 

One family of 5d compounds which have begun to 
attract particular experimental and theoretical atten- 
tion are the iridium-based transition metal oxides, or 
iridates 1 - - — . The majority of these compounds are based 
on Ir 4+ ions, which display a 5d 5 electronic configura- 
tion. One of the fundamental puzzles surrounding these 
materials is that in spite of the fact that simple band 
theory arguments suggest they should be metallic, a sur- 
prising number of iridates appear to be insulator a 3 ' 4 ' 1:L i 12 . 
This result is particularly remarkable since the relatively 
weak 5d electron-electron correlations are too small to 
drive a conventional Mott insulator transition (as in 
many 3d transition metal oxide systems). Instead, this 
phenomena has been attributed to the presence of much 
stronger 5d spin-orbit coupling effects, which can be 
combined with the modest electronic correlations to pro- 
duce a novel "spin-orbital Mott insulator" with a j e // = 
1/2 ground stated. 



Among the iridates that have attracted the most sig- 
nificant recent attention are S^IrO^ 1 - - — , Na2lr03 1 - 2 -~— , 
and Y2lr20v^ 1 - _ — . Sr2ir04 is a layered perovskite com- 
pound, with a structure similar to the parent compound 
of the high T c cuprates, I^CuO^^. This compound de- 
velops canted antiferromagnetic order below Tjv ~ 240 
K 2 -, and has been reported to display unusually large 
magnetoelastioi and magnetoelectric effects^. More im- 
portantly, however, Sr2lr04 is notable for being the first 
proposed experimental realization of a j e // = 1/2 spin- 
orbital Mott insulatori^. Na2ir03 is a honeycomb lat- 
tice material, which has attracted considerable interest 
due to its potential relevance to the Kitaev-Heisenberg 
model 13-17 . This model, which describes a system of 
S = 1/2 moments on a honeycomb lattice with highly 
anisotropic exchange interactions, has been proposed 
to exhibit novel spin liquid and topologically ordered 
states 1 - 7 .. Y 2 Ir 2 7 is a pyrochlore iridate, with a struc- 
ture composed of Ir ions distributed on a network of 
corner-sharing tetrahedra. This crystal structure gives 
rise to a natural tendency towards geometric frustration, 
and members of the R2lr20 7 series (R = lanthanide) 
have been associated with exotic spin liquid and spin ice 
state o 19 i 20 . Y2R2O7, in particular, has also been put for- 
ward as a potential topological insulator or topological 
(Weyl) semi-metal 2 ^—. Although the detailed physics 
of these three systems vary significantly, in all three cases 
it is the presence of strong 5d spin-orbit coupling effects 
that is believed to drive the development of unconven- 
tional electronic and magnetic ground states. 

Given the apparent importance of spin-orbit coupling 
effects in the iridates, it is natural to attempt to quan- 
tify the strength of the spin-orbit interactions in these 
compounds. One method of accomplishing this is pro- 
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vided by the technique of X-ray Absorption Spectroscopy 
(XAS). This method was initially proposed by van der 
Laan and Thole^Sr— , who recognized that the inten- 
sity ratio of the "white-line" features observed in XAS 
measurements at the L2 and L3 absorption edges is di- 
rectly proportional to the expectation value of the spin- 
orbit operator (L-S). As a result, XAS provides a di- 
rect probe of spin-orbit interactions, which is comple- 
mentary to other techniques such as magnetic suscepti- 
bility, electron paramagnetic resonance, and Mossbauer 
spectroscopy (which probe spin-orbit coupling through 
the value of the Lande g-factor) or optical spectroscopy 
(which probes spin-orbit coupling through the obser- 
vation of transitions forbidden by spin-only selection 
rules). This method was most recently employed by 
Laguna-Marco et al to investigate spin-orbit coupling 
in Bai_ x Sr x Ir0 3 (x = 0, 0.06, 0.12)22. This study re- 
vealed a surprisingly large L3/L2 branching ratio, pro- 
viding confirmation of the unusually strong spin-orbit 
interactions believed to be present in that compound. 

In this paper, we report x-ray absorption spectroscopy 
(XAS) measurements on a series of iridium-based 5d 
compounds. In particular, we have carried out a compar- 
ative study of several topical iridates (Sr 2 Ir04, Na2ir03, 
and Y2IX2O7) and several standard reference samples 
such as Ir, IrCbj, and 1x02. Our measurements reveal 
anomalously large branching ratios in all Ir-based com- 
pounds studied, and even (to a lesser extent) in ele- 
mental iridium itself. On the basis of these results, we 
propose that unusually strong spin-orbit coupling effects 
may be a common feature of all iridates, or at least all 
those possessing an octahedral local crystal field envi- 
ronment. To provide a point of comparison, similar mea- 
surements were also performed on a series of rhenium- 
based 5d compounds, including Re, Re02, Ba2FeRc06, 
and Re03. These compounds present a striking contrast 
to the iridates, displaying small, statistical branching ra- 
tios, which are consistent with negligible spin-orbit cou- 
pling effects. 



the physical properties associated with these samples is 
provided in Table I. In order to provide a point of com- 
parison, XAS measurements were also performed on a 
series of Rhenium-based samples, including Re, Re02, 
Ba2FeRe06, and Re03. As in the case of the Ir-based 
samples, these Re-based compounds display a variety 
of different valence states (Re [5d 5 ], Re 4 + [5d 3 ], Re 5+ 
[5d 2 ], Re 6+ [5d : ]) and crystal structures, although all 
samples exhibit octahedral local coordination. Measure- 
ments were carried out on powder samples obtained from 
commercial suppliers (Ir, IrCl 3 , Ir02, Re, Re02, Re0 3 ) 
or prepared using conventional solid state reaction meth- 
ods (Sr 2 Ir0 4 , Na 2 Ir0 3 , Y 2 Ir 2 7 , Ba 2 FeRe0 6 )2*i2 1 2L2a. 
The purity of the commercial samples was quoted as 
99.7% (Re0 2 ), 99.9% (Re0 3 ), 99.99% (Ir, IrCl 3 , Ir0 2 ), 
and 99.999% (Re) or higher. Thin, plate-like, powder 
samples were prepared on sheets of Kapton tape, with 
two to three layers of sample used to minimize "pin- 
holing" effects and produce an average sample thickness 
of 5 - 10 jum (or ~ 2 absorption lengths). 

X-ray absorption measurements were carried out us- 
ing the Hard X-ray MicroAnalysis (HXMA) beamline 
06ID-1 at the Canadian Light Source (CLS). Measure- 
ments were collected at both the L 2 (2pi/ 2 — > 5d) and L 3 
(2p 3 / 2 — > 5d) absorption edges, which occur at energies 
of 12.824 keV and 11.215 keV (Ir) and 11.959 keV and 
10.535 keV (Re), respectively. The energy of the incident 
x-ray beam was selected using a Si(lll) monochroma- 
tor, with higher harmonic contributions suppressed by a 
combination of Rh-coated mirrors and a 50% detuning 
of the undulator. XAS measurements were performed in 
transmission geometry, providing a direct measure of the 
linear x-ray attenuation coefficient, //(E). //(E) is given 
by the ratio of the incident intensity (Lj) and the trans- 
mitted intensity (Ii) of the x-ray beam through the sam- 
ple. A reference sample, consisting of elemental Ir or Re, 
was mounted after the sample to allow for energy cali- 
bration. All data was collected at room temperature. 



II. EXPERIMENTAL DETAILS 

X-ray absorption measurements were performed on 
a series of six Iridium-based compounds, including Ir, 
IrCl 3 , Ir0 2 , Na 2 Ir0 3 , Sr 2 Ir0 4 , and Y 2 Ir 2 7 . These 
compounds encompass a wide range of physical prop- 
erties, displaying a variety of electronic configurations 
(5d 7 , 5d 6 , and 5d 5 ), ionization states (Ir°, Ir 3+ , Ir 4+ ), 
transport properties (metallic, insulating), and crystal 
structures (cubic, tetragonal, orthorhombic, and mono- 
clinic). However, one common feature shared by all of 
these compounds (with the exception of elemental Ir) is 
the presence of an octahedral local crystal field environ- 
ment, wherein each Ir ion is surrounded by six nearest 
neighbor O or CI ions. A more detailed description of 



III. RESULTS AND DISCUSSION 

X-ray absorption spectra collected at the Ir L2 and 
L 3 absorption edges are provided in Figure 1 for a se- 
ries of Ir-based compounds. Each of these spectra can 
be decomposed into three main features: (i) a sharp, 
atomic-like "white-line" feature that corresponds to 2p 
— ► 5d electronic transitions, (ii) a step-like edge feature 
which is associated with 2p —¥ continuum electronic ex- 
citations, and (iii) a series of smaller "fine structure" 
oscillations that arise from the backscattering of photo- 
electrons off of neighboring atoms. To enable accurate 
comparisons between compounds, //(E) has been normal- 
ized such that the continuum step at the L3 absorption 
edge is equal to unity for each sample. Accordingly, the 
continuum step at the L2 absorption edge has been nor- 
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Compound 


Electronic 
State 


Electronic 
Properties 


Crystal Structure 


Ir Site 
Symmetry 


Ir-O Distance 
(avg, min) 


Ir-Ir Distance (min) 


It 


5d Y (Ir) 


Metallic 


Cubic (Fjri3Tii) 


m3m 




2.715A 


IrCl 3 


5d b 


Insulating 


Monoclinic (C2/m) 


2 




3.457A 


Ir0 2 


5d b (Ir 4+ ) 


Metallic 


Orthorhombic ( P^2 / Tnnui ) 


mmm 


1.986A, 1.960A 


3. 159 A 


Na 2 Ir0 3 


5d b (Ir 4+ ) 


Insulating 


Monoclinic (C2/m) 


2 


2.074A, 2.060A 


3.138A 


Sr 2 Ir0 4 


5d b (Ir 4+ ) 


Insulating 


Tetragonal (I4i/acd) 


1 


2.006A, 1.980A 


3.878A 


Y 2 Ir 2 7 


5d b (Ir 4+ ) 


Metallic* 


Cubic {Fd3m) 


.3m 


2.015A, 2.015A 


3.599A 


Compound 


Electronic 
State 


Electronic 
Properties 


Crystal Structure 


Re Site 
Symmetry 


Re-0 Distance 
(avg, min) 


Re-Re Distance (min) 


Re 


5d b (Re) 


Metallic 


Hexagonal (P6z/mmc) 


6m2 




2.761A 


Re0 2 


5d a (Re 4+ ) 


Metallic 


Orthorhombic (Pbcn) 


.2. 


1.997A, 1.941A 


2.614A 


Ba 2 FeReO e 


5d" (Re a+ ) 


Metallic 


Cubic (Fm3m) 


m3m 


1.932A, 1.932A 


5.717A 


Re0 3 


5d L (Re b +) 


Metallic 


Cubic (PrriSm) 


m3m 


1.867A, 1.867A 


3. 734 A 



TABLE I: Basic physical properties of the Ir and Re-based compounds studied in this experiment. Crystallographic data has 
been obtained from References 5, 6, 15, 16, 21, 30, and 49-55. *Note that Y 2 Ir 2 07 undergoes a metal-to-insulator transition 
at Tmi ~ 150 K 21 , but at room temperature it exhibits weakly metallic properties. 
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FIG. 1: (Color online) X-ray absorption spectra collected 
at the Ir L 3 (E = 11.215 keV) and L 2 (E = 12.824 keV) 
absorption edges for a series of Ir-based 5d compounds. 



malized to half this valued. This normalization scheme 
reflects the number of initial core-electron states avail- 
able for the L2 and L3 absorption processes, since the 
ratio of occupied 2p 1 / 2 and 2p 3 / 2 states is 1:2. 

The most striking characteristic of the XAS spectra 
shown in Figure 1 are the prominent white-line features 
observed at both absorption edges. The integrated in- 
tensity (or area) of these white-line features is propor- 



tional to the local density of unoccupied final states in 
the system (i.e. the population of 5d holes)22. Due to 
the selection rules that govern electric dipole transitions, 
the relative strength of the white-line features at the L 2 
and L 3 edges (also known as the branching ratio) can be 
used to extract information about the total angular mo- 
mentum, J, of the available 5d hole states. As AJ must 
be equal to or ± 1 for an allowed dipole transition, it 
follows that the L 2 edge will be exclusively sensitive to 
transitions involving 5d 3 / 2 holes, while the L3 edge will 
be sensitive to both 5d 3 / 2 and 5d 5 / 2 . In the limit of negli- 
gible spin-orbit coupling effects, the J = 3/2 and J = 5/2 
multiplets will be degenerate and the transition proba- 
bilities for L 2 and L3 processes will only depend on the 
density of initial core-electron states. This yields the sta- 
tistical branching ratio of BR = Il 3 /Il 2 = 2, and an L3 
white-line which is twice the size of the L 2 featured— . 

The presence of strong white-line features indicates 
that there is a large local density of unoccupied 5d states 
in all of the Ir compounds measured in this study. As 
these white-line features are more pronounced at the L3 
edge than the L 2 edge, we can also infer that these un- 
occupied 5d states are primarily 5d 5 / 2 rather than 5d 3 / 2 
in nature. Note that the ratio of white-line intensities is 
significantly smaller for pure Iridium than for any of the 
j r 3+ Qr j r 4+ com p 0U nds. The absolute intensity of the 
L3 white-line is noticeably higher in the Ir 3+ and Ir 4+ 
compounds as well. Further from the absorption edge, 
differences in local chemical structure can be observed 
in the shape of the fine structure oscillations displayed 
by each compound. 

Similar x-ray absorption spectra are shown for a se- 
ries of Re-based compounds in Figure 2. As in the spec- 
tra from the Ir-based compounds in Figure 1, each of 
these samples displays a sharp white-line feature at the 
L 2 and L3 absorption edges. The integrated intensity 
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FIG. 2: (Color online) X-ray absorption spectra collected 
at the Re L 3 (E = 10.535 keV) and L 2 (E = 11.959 keV) 
absorption edges for a series of Re-based 5d compounds. 



of the white-line features grows steadily with increasing 
oxidation state, as is expected given the rising number 
of 5d holes in the system. The ratio of the white-line 
intensities at the L3 and L2 edges appears to be con- 
siderably smaller than that of the Ir-based samples, and 
much closer to the statistical ratio expected in the ab- 
sence of spin-orbit coupling effects. Furthermore, this 
ratio appears to be roughly equal for each of the Re- 
based compounds studied, in spite of the fact that the 
magnitude of the individual white-line features is chang- 
ing quite significantly. 

Several systematic effects can be observed by compar- 
ing spectra obtained for compounds with different va- 
lence states, such as Ir (Ir°, 5d 7 ), IrCi3 (Ir 3+ , 5d 6 ), and 
&O2 (Ir 4+ , 5d 5 ). Representative XAS measurements for 
these three samples are provided in Figure 3(a). Clearly, 
as the ionization state increases there are three signifi- 
cant changes in the XAS spectra at the L 3 edge: (1) The 
position of the white-line feature shifts towards higher 
energies. As described in Table II, the fitted peak center 
shifts from 11218.1(1) eV to 11219.6(2) eV to 11220.7(1) 
eV following the progression from 5d 7 to 5d 5 . This is a 
shift of ~ 1.3 eV for each additional 5d hole. (2) The in- 
tegrated intensity of the white-line feature monotonically 
increases, with fitted peak areas growing by a factor of 
~ 2 over the jump from 5d 7 to 5d 5 . As discussed above, 
this effect can be understood in terms of the creation 
of 5d holes, which increase the number of accessible fi- 
nal states for 2p — > 5d electronic transitions. (3) The 
width of the white-line feature varies between oxidation 
states. This effect is not monotonic, but the FWHM 
of the white-line feature varies by ~ 30-50% between 
different Ir valence states. The white-line is sharpest 
in IrCl 3 (FWHM = 3.9(1) eV) and broadest in elemen- 
tal Ir (FWHM = 6.6(2) eV). This linewidth is related 
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FIG. 3: (Color online) (a) A comparison of XAS specta at the 
Ir L3 edge for Ir, RCI3, and RO2. (b) Experimental determi- 
nation of the white-line intensity at the Ir L3 absorption edge 
in Sr2lr04. The solid black line represents the normalized x- 
ray attenuation coefficient, /u(E), measured by XAS, while the 
dashed line represents the arctangent function used to model 
the continuum step at the L3 absorption edge. The solid red 
line represents the best fit to the data using a Lorentzian + 
arctangent fit function. 



to the intrinsic bandwidth of the compound, but it is 
also influenced by broadening mechanisms such as the 
instrumental resolution, core-hole lifetime effects, and 
final-state lifetime effect a 32 ' 33 . These three observations 
are consistent with previous work by Choy et al, who 
performed a systematic study of Ir L3 lineshapes in a 
series of Ir-based double perovskite compounds 3 ^.. They 
can also be observed in our Re XAS spectra, following 
the progression from elemental Re (Re , 5d 5 ) to ReC>3 
(Re 6+ , 5d r ). 

In order to discuss the spin-orbit coupling effects in 
these compounds on a quantitative level, it is necessary 
to accurately and precisely determine the intensity of the 
white-line features observed at the L2 and L3 absorp- 
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7 1 ( f\\ 


< -ow 


-2.5(1) 


Ir0 2 


5d b (Ir 4+ ) 


5 


32(1) 


4.7(2) 


11220.7(1) 


4.8(1) 


6.9(6) 


6.7(4) 


-3.1(1) 


Sr 2 Ir0 4 


5d b (Ir 4+ ) 


5 


30(1) 


4.4(2) 


11220.2(1) 


5.5(1) 


6.9(6) 


7.0(4) 


-3.1(1) 


Y 2 Ir 2 7 


5d b (Ir 4+ ) 


5 


29(1) 


5.1(2) 


11220.0(2) 


5.5(2) 


5.8(5) 


6.0(3) 


-2.8(2) 


Na 2 Ir0 3 


5d b (Ir 4+ ) 


5 


25(1) 


4.5(2) 


11220.1(2) 


5.5(2) 


5.5(4) 


5.7(3) 


-2.7(2) 


Re 


5d b (Re) 


5 


22.8(9) 


10.3(4) 


10538.2(1) 


8.6(1) 


2.2(2) 


2.1(1) 


-0.3(3) 


Re0 2 


5d 3 (Re 4 +) 


7 


19.0(8) 


10.6(4) 


10540.1(2) 


9.0(3) 


1.8(1) 


1.8(1) 


0.5(4) 


Ba 2 FeRe0 6 


5d x (Re b+ ) 


8 


29(1) 


13.8(6) 


10540.7(1) 


7.7(2) 


2.1(2) 


2.1(1) 


-0.3(4) 


Re0 3 


5d x (Re b+ ) 


9 


34(1) 


16.7(7) 


10541.3(2) 


7.4(2) 


2.0(2) 


2.1(1) 


-0.1(5) 



TABLE II: Summary of results obtained from XAS measurements on Ir and Re-based transition metal compounds. The 
intensity of the L 2 and L3 white-line features (Il 2 , 1l 3 ), the branching ratio (BR = Iz, 3 /Il 2 ), an d the spin-orbit expectation 
value ((L-S)), have been determined by numeric integration. The branching ratio, the peak position (El 3 ) and the width 
(r_L 3 ) of the white-line feature, have been determined from fits to a Lorentzian + arctangent function. 



tion edges. The primary method used to obtain these 
white-line intensities is illustrated in Figure 3(b), us- 
ing a representative data set collected for Sr2lr04 at the 
Ir L3 edge. The experimental data is described by the 
solid black line. Here the continuum edge-step is mod- 
elled by an arctangent function, as shown by the dashed 
black line. This arctangent is centered at the absorption 
edge (taken as the inflection point on the rising edge of 
/i(E)) and is denned to have unit height. This function 
can be subtracted from the raw data, leaving only the 
contributions from the white-line feature (which is ap- 
proximately Lorentzian in shape) and the fine structure 
oscillations present at higher energies. The integrated 
intensity of the white-line is then calculated by numer- 
ically integrating the signal over the range of energies 
where it is positive-valued (i.e. from below the edge to 
the point where /i(E) first intersects the arctangent func- 
tion) . This yields the area of the shaded region in Figure 
3(b) which is shown in grey. This approach has the ad- 
vantage of not being reliant on a particular choice of 
lineshape or fit function. This is important because the 
mixing of 5d and continuum states can result in broad- 
ening of the white-line at higher energies, giving rise to 
an asymmetric Fano-type lineshape rather than a pure 
Lorentzian 3 -. The error bars for the integrated inten- 
sities are determined from the uncertainty in counting 
statistics (erl = and the estimated uncertainty in 
the position of the arctangent function (which is allowed 
to vary by ± 1 eV) . To provide a consistency check, each 
of the spectra was also fit using a simple Lorentzian + 
arctangent two-component fit function. The quality of 
these fits is illustrated by the solid red line in Figure 
3(b). Although the fit manages to capture the essential 
characteristics of the white-line feature (the position, the 
width, and the approximate area), it fails to account for 
the asymmetric lineshape and the fine structure oscilla- 
tions near the absorption edge. Within the limits of the 



experimental uncertainties, both the numeric integration 
and the fitting analysis produced the same results. 

It is worth noting that in previous studies alterna- 
tive methods have also been used to model the contin- 
uum edge step. In particular, absorption spectra from 
compounds such as Au or Pt, which have few 5d holes 
(and hence negligible white-line intensity) , can be scaled, 
translated, and stretched to provide a relatively clean 
continuum backgroun d 3 ^ 36 . This approach has proven 
especially useful in cases where the observed white-line 
features are weak, as in compounds containing elements 
with nearly full 5d shells. For materials that exhibit 
strong white-line features, such as the Ir and Re-based 
compounds used in this study, we expect the difference 
between these two methods to have a negligible influence 
on the calculated branching ratios. 

A list of the numerically integrated white-line inten- 
sities obtained for each compound can be found in Ta- 
ble II. The values of Il 2 and Il 3 have also been plotted 
graphically in Figure 4(a). In the case of the four Re- 
based samples, both and Il 3 increase approximately 
linearly with the average number of holes in the sys- 
tem, (n/i). As discussed above, this is consistent with 
the increasing density of unoccupied 5d states that ac- 
companies the introduction of additional holes. It is also 
clear that If, 3 ~ 2Il 2 , as one might expect to find in 
the absence of spin-orbit coupling effects. In the case 
of the Ir-based compounds, I^ 3 appears to display the 
same linear dependence on (n^), while Il 2 remains ap- 
proximately constant. A particularly interesting com- 
parison can be made between elemental Re and the four 
Ir (IV) oxides, since all five of these compounds display 
the same 5d 5 valence electron configuration. The Ir (IV) 
oxides are clearly distinguished by a simultaneous en- 
hancement of the L3 white-line feature and suppression 
of the L2 white-line feature. However, the sum of the 
two white-line intensities (Il 2 + Il 3 ) remains roughly 
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constant for all five of the 5d 5 samples. 

The values of the experimentally determined branch- 
ing ratios are also provided in Table II, and are plot- 
ted graphically in Figure 4(b). Here the branching ra- 
tio is defined as BR = Il 3 /Il 2 , where I^„ is the inte- 
grated intensity of the white-line feature observed at a 
given absorption edge^I. Using theoretical arguments 
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we can re- 



proposed by van der Laan and ThoL 
late the branching ratio to the expectation value of the 
spin-orbit operator (L-S): BR = (2-r)/(l+r), where r 
= (L-S) / (p-h) and (n^) refers to the average number of 
5d holes~ The value of (L-S) is expressed in units of 
h 2 . It should be emphasized that the branching ratio is 
proportional to (L-S) and not the spin-orbit interaction 
term in the Hamiltonian, H$o — CsdL-S. While a large 
(L-S) does imply the presence of strong spin-orbit cou- 
pling effects, the converse is not necessarily true. In the 
event that the moments in the system are quenched, it 
is possible to have (L-S) ~ even if significant spin-orbit 
interactions are present. 

Note that we observe anomalously high branching ra- 
tios in all of the Ir-based compounds measured in this 
study, including LCI3, LO2, Na2lr03, Sr 2 Ir04, and 
Y2L2O7. These experimental values are over several 
times larger than the statistical branching ratio (BR = 
2), indicating the presence of extremely large spin-orbit 
coupling effects. While this result may not be partic- 
ularly surprising in the context of Si - 2lr04, Na2lr03, 
and Y2IX2O7 (since each of these samples has previously 
been associated with unconventional spin-orbit-induced 
ground states), it is quite unexpected in the case of the 
LO2 and LCI3 reference samples. Interestingly, the ob- 
served branching ratios do not appear to vary signifi- 
cantly between these compounds. While the ratios ob- 
served for Sr 2 Ir04 and LO2 appear to be slightly higher, 
and those for Na2ir03 and Y2&2O7 appear to be slightly 
lower, these variations do not seem to be correlated with 
any basic structural properties, such as space group, site 
symmetry, or local bond length (a full comparison of 
these properties can be found in Tables I and II) . Perhaps 
most surprisingly, the branching ratio shows almost no 
dependence on Ir oxidation state (Ir 3+ or Ir 4+ ) or choice 
of anion (O or CI). This is clearly demonstrated by the 
IrCLj data, which is almost indistinguishable from the 
iridium (IV) oxides. In contrast, the branching ratios 
observed for elemental Ir and the four Re-based sam- 
ples are dramatically different. Elemental Ir displays a 
branching ratio of BR = 3.2-3.6, indicating the presence 
of a moderate spin-orbit enhancement, but significantly 
less than in any of the other Ir-based compounds studied. 
The four Re-based compounds display branching ratios 
of ~ 2, which is approximately equal to the value of the 
statistical branching ratio. This suggests that either the 
spin-orbit coupling effects in these Re-based transition 
metal oxides are negligible, or that the quenching of or- 
bital moments results in an extremely small expectation 
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FIG. 4: (a) Integrated intensity of the L2 and L3 white-line 
features in Ir and Re-based 5d transition metal compounds. 
All intensities were determined by numeric integration, as 
described in the main text, (b) Experimentally observed 
branching ratios, 1l 3 /Il 2 , determined from the integrated 
intensities provided in (a). The dashed line represents the 
statistical branching ratio of Il 3 /Il 2 — 2 obtained in the 
limit of negligible spin-orbit coupling. 



value for the spin-orbit operator L-S. While the latter 
is certainly a possibility, it would appear to be incon- 
sistent with x-ray magnetic circular dichroism (XMCD) 
measurements on Ba2FeReOe 40 which indicate that the 
Re moments are unquenched. 

It is interesting to compare these results to the pre- 
viously reported branching ratios in the literature. As 
noted in the introduction, recent XAS measurements 
by Laguna-Marco and collaborators 29 have revealed an 
anomalously large branching ratio in the layered iridate 
Bai-zSrJrOs (x = 0, 0.06, 0.12). The branching ra- 
tio quoted in this study is BR ~ 4, a value which is 
somewhat smaller than the ratios reported in this study, 
but is still equal to twice the statistical branching ra- 
tio. Similar results have also been reported by Boseggia 
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et al 41 -, who performed resonant magnetic x-ray scatter- 
ing measurements on the bilayer iridate S^I^Oy. The 
XAS measurements in this study suggest a BR ~ 5, 
in very good agreement with the results reported here. 
Previous measurements on elemental Iridium also reveal 
slightly enhanced branching ratios, ranging from BR ~ 
2.4^ to ~ 4.02S. Our value of BR = 3.2-3.6 falls well 
within this range. Somewhat surprisingly, XAS measure- 
ments on binary iridium compounds (IrAl, IrAl 3 , IrSi, 
and IrSi 3 )2£, iridium alloy a 42 i 43 , and Ir-Fe multilayers^ 4 - 
are all consistent with approximately statistical branch- 
ing ratios (BR ~ 2). This suggests that there must be 
some property unique to the iridium oxides and chlo- 
rides that results in a natural tendency towards large 
spin-orbit coupling effects. The observation of enhanced 
branching ratios in late 5d transition metal oxides such 
as RO2, PtC>2, and AU2O3, has previously been at- 
tributed to a combination of charge transfer and crys- 
tal electric field effects 3 ^. As in the case of our Re-based 
samples, XAS measurements performed on early 5d tran- 
sition metals (Os, W, Ta) 36 ' 38 and their associated oxides 
(OSO2, WO2, and T^O^)^- all yield branching ratios of 
~ 2. A similar trend is observed in compounds contain- 
ing lighter 4d elements, such as Ru (RuC>2, Sr 2 Ru04, 
Sr 4 Ru 2 9 , Cai^Sr^RuOa)^^ and Rh (Ca 3 CoRh0 6 , 
CaaFeRhOg) 4 ^, which consistently reveal small, statisti- 
cal branching ratios. 

The value of (L-S) can also be compared to previously 
reported spin-orbit interaction strengths in the litera- 
ture. Applying a combination of XAS measurements and 
configuration interaction calculations, Laguna-Marco et 
al determined that the expectation value of (L-S) ~ 2 
in Bai-^Sr-rlrOa corresponds to a spin-orbit coupling 
coefficient of Cad ~ 0.3 eV— . Although such calcula- 
tions are beyond the scope of the present study, we note 
that the coupling coefficient for Sr2ir04 has been de- 
termined to be C5d ~ 0.5 eV from optical conductivity 
measurements 1 -. Given the expectation value of (L-S) = 
3.1 ± 0.1 determined for Sr2lr04 from our Ir XAS mea- 
surements, there appears to be a relatively simple scal- 
ing relation between ( 5 d and (L-S) (i.e. Cad ~ 0.15(L-S)). 
Based on this relation, we predict (53 will be ~ 0.5 eV 
for Ir0 2 , and - 0.4 eV for IrCl 3 , Na 2 Ir0 3 and Y 2 Ir 2 7 . 

These results are also relevant to the j e // = 1 /2 model 
which has been put forward to explain the insulating 
properties of iridates such as Sr2ir04 and Na2lrO;?ii£. In 
the j e // = 1/2 picture, a combination of strong 5d spin- 
orbit coupling effects and a large octahedral crystal field 
acts to split the degeneracy of the 5d electronic orbitals, 
creating a low-lying j e // = 3/2 multiplet (with 4-fold 
degeneracy) and a higher j e // = 1/2 multiplet (with 2- 
fold degeneracy) . This process can be regarded from two 
alternative (although ultimately equivalent) viewpoints: 

(1) As arising from the action of 5d spin-orbit coupling 
on the lower t2 9 and upper e g manifolds created by 
strong crystal field splitting. In this case, the j e // = 



1/2 and 3/2 states are both derived from the lower- lying 
t2 S levels. 

(2) As arising from the action of the octahedral crystal 
field on the lower J = 3/2 and upper J = 5/2 manifolds 
created by strong 5d spin-orbit coupling effects. In this 
case, the j e // = 3/2 states are derived from the lower- 
lying J = 3/2 levels and the j e // = 1/2 states arc split 
off from the upper J = 5/2 levels. 

For an Ir 4+ ion with a 5d 5 electronic configuration (as 
in Sr 2 Ir04 and Na2lr0 3 ), the lowest-lying j e // = 3/2 
states will be fully occupied, and thej e // = 1/2 band will 
be partially occupied by a single electron. At this point, 
even relatively weak 5d electronic correlations can split 
the narrow j e // = 1/2 band into an upper Hubbard band 
and a lower Hubbard band, leading to the development 
of an insulating gap 1 -. One of the chief methods of distin- 
guishing the je// = 1/2 ground state from a conventional 
low spin S = 1/2 state (as produced by large crystal field 
effects in the absence of strong spin-orbit coupling) is by 
comparing the ratio of the transition probabilities at the 
L2 and L 3 edges 2 . In the S = 1/2 scenario, the low- 
est unoccupied state will be found in the t2 9 manifold, 
which possesses mixed J = 3/2 and J = 5/2 character. 
As a result, both L 2 (2pi/ 2 — > 5d 3 / 2 ) and L 3 (2p 3 / 2 — > 
5d 3 / 2j 5/2) transitions will be allowed processes. In the 
j e // = 1/2 scenario, the j e // = 3/2 band derived from 
the J = 3/2 states will be completely occupied, effec- 
tively prohibiting any transitions at the L 2 edge. This 
dramatic difference in transition probabilities should be 
reflected in the relative strength of the L2 and L 3 white- 
line features, giving rise to the type of strongly enhanced 
branching ratios observed in this study. 

The first experimental signature of the j e // = 1/2 
ground state was reported by Kim et al, who observed 
the characteristic difference in L2 and L 3 transition prob- 
abilities using resonant magnetic x-ray scattering mea- 
surements on Sr2lr04 2 . The interpretation of these re- 
sults was subsequently called into question by Chapon 
and Lovesey^ 8 ., who proposed an alternative Ir ground 
state wavefunction involving a superposition of conju- 
gate states in a Kramers doublet. This alternative wave- 
function was calculated to have a relatively small branch- 
ing ratio of BR = 1.74s 8 -. The results of the present 
study, which determine the branching ratio of Si'2lr04 
to be 6.9 ± 0.6, are clearly inconsistent with this theo- 
retical prediction. 



IV. CONCLUSIONS 

In conclusion, we have used x-ray absorption spec- 
troscopy techniques to investigate spin-orbit coupling ef- 
fects in a series of Ir and Re-based 5d compounds. We 
observe anomalously large L 3 /L2 branching ratios in all 
Ir-based compounds measured in this study, up to sev- 
eral times larger than the statistical branching ratio of 
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Ii 3 /Il 2 = 2- These enhanced branching ratios indicate 
that the expectation value for the spin-orbit operator, 
(L-S), is very large in these systems, reflecting the pres- 
ence of strong 5d spin-orbit coupling effects. This obser- 
vation is consistent with recent proposals for novel spin- 
orbit-induced physics in iridates such as S^IrO^i^iiii, 
Na 2 IrO;ji£ii£, and Y 2 It20t^— . Surprisingly, the size 
of the observed branching ratios does not appear to be 
sensitive to the detailed structural or electronic proper- 
ties of these systems. The sole exception to this rule 
appears to be provided by elemental iridium, which ex- 
hibits a much more modest spin-orbit enhancement, and 
a branching ratio significantly closer to the statistical 
value. The one common feature shared by all of these 
compounds (save for Ir itself) appears to be the pres- 
ence of an octahedral crystal field environment. These 
anomalously large branching ratios are not common to 
all 5d compounds, as demonstrated by XAS measure- 
ments on a series of Re-based transition metal oxides. 
Measurements on these Re-based samples reveal small, 
statistical branching ratios, a result which implies the 
presence of minimal spin-orbit coupling effects. 

On the basis of these measurements, we propose that 
even the physics of simple iridium compounds, such as 
IrC>2 and RCI3, may warrant further investigation due 
to the presence of unusually large spin-orbit coupling ef- 



fects. It may also be productive to extend these studies 
to include Ir-based compounds which exhibit higher ox- 
idation states (such as Ir 5+ or Ir 6+ ), or which display 
tetrahedral rather than octahedral local coordination. 
In this regard, there appears to be a particularly strong 
case for complementary studies involving XMCD mea- 
surements, similar to those reported in Reference 29. We 
hope these results will help to guide and inform future 
studies of these novel electronic and magnetic systems. 
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